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1. Introduction
Circumstellar disks usually contain only a few percent of the total material
going into a young star after the main collapse has stopped and the sur-
rounding molecular cloud is cleared away. Yet the disks are of great interest
to the study of star formation, perhaps as great as the stars themselves,
because the disks may build planetary systems. The planet Earth contains
less than one millionth of the mass of the Sun, but it is probably the most
interesting body in the Solar System, certainly to us. Beckwith & Sargent
(1996) argue that the currently known properties of disks are evidence that
other planetary systems are common in the Galaxy and discuss the reasons
for the interest in disk properties; that article provides a broad introduction
to the subject.
The purpose of this chapter is to provide a tutorial on how observations
of the radiation from disks may be used to elicit their physical characteris-
tics. In keeping with the spirit of the Crete meeting, the treatment is not a
comprehensive review nor will it give a complete analysis of each method
used to tease the disk properties from faint light observed with telescopes.
Rather, the idea is to show that basic intuition about disk physics is eas-
ily related to what is observed and provide a general foundation for the
understanding of more elaborate theoretical calculations.
Early disk models assumed that matter is conned to a very thin plane
extending from the stellar surface to a sharp outer edge more than 100 AU
from the star. The disk energy balance was attributed to accretion of matter
through the disk. This oversimplied picture has been modied by a careful
treatment of the underlying physics, and the more modern view is that the
disk flares gently, often with an inner edge at some distance from the star,
and is heated mainly by radiation as opposed to accretion. Some disks are
surrounded by spheroidal \halos" that trap radiation and contain strong
2 STEVEN V. W. BECKWITH
outflows. Most of the young disks are accompanied by mass loss in columns
along the polar axes that contribute to the total energy budget. Although
it is not always possible to derive disk characteristics unambiguously from
observations, most of the intuitive interpretations have been supported by
increasingly better data and improved angular resolution images allowing
us to separate the dierent components of a star/disk system directly.
The article is organized along the following questions:
1. What are the expected disk properties based on the theory of Solar
System formation?
2. How do we identify disks?
3. How do we determine physical properties of disks from radiation?
4. Do the observed properties show that disks are interesting?
Because this article is a tutorial, some of the material is adopted from
articles that I co-authored for Nature (Beckwith & Sargent 1996) and Pro-
tostars and Planets IV (Beckwith, Henning, and Nakagawa 1999).
2. The early Solar System
It is generally agreed that a flat layer of gas and dust - a disk - orbited
the early Sun and provided the material which later made up the Earth,
Mars, Jupiter, and the other planets (Safronov 1969; Wood & Morll 1988;
Cameron 1988). The young Sun and the circumsolar disk were born from
an extended cloud of gas and dust that was assembled from the detritus of
dying stars and remnants of the early universe that collapsed under its own
gravity. The material accumulated quickly onto the central proto-Sun but
with enough residual angular momentum to prevent some from spiraling
inwards - the exact proportion remaining in orbit is not known but should
have been a considerable fraction of the total mass (Shu, Adams, & Lizano
1987; Bodenheimer 1995). The average angular momentum of the collapsing
region dened a rotation axis around which the orbits quickly stabilized,
creating a disk with a thickness much smaller than its radius, at least within
the regions now containing the giant planets. The formation of the stable
disk probably occurred over about 105 years after the onset of free fall
collapse (Shu et al. 1993), almost instantaneously in cosmic time.
As the central proto-Sun evolved, the solid particles in the orbits settled
to a dense layer in the mid-plane of the disk and began to stick together
as they collided (Safronov 1969; Weidenschilling 1987; Mizuno et al. 1988).
During the next 104 to 105 years, large rocks and small asteroids grew
gradually from the small dust particles (Weidenschilling & Cuzzi 1993).
When the gravitational pull of the largest asteroids was sucient to attract
neighboring pebbles and rocks, they grew even more rapidly to the size of
small planets (Wetherill & Stuart 1993); gravity was important for bodies
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more than 10 km across. The terrestrial planets are large accumulations of
solid particles that grew from the collisions between these smaller bodies. In
the outer parts of the disk, a few such solid cores became large enough (10
Earth masses) to accrete gas (Mizuno 1980; Stevenson 1982), the dominant
reservoir of mass, and gave rise to the giant gas planets (Wetherill 1990).
Temperatures close to the proto-Sun were presumably too high to allow
gas accretion. The planet building phase is thought to have taken between
 107 and a few times 108 years, although the cores probably developed
quickly, within the rst 106 years or so. These timescales are not very
well constrained by data, and it may well be observations of developing
planetary systems around other stars that tell us how planets are really
built.
By analogy, we expect circumstellar disks to contain a few percent or
more of the stellar mass, to extend at least 50 AU from the central star, to
be relatively flat, and to be free from disruption for at least a few million
years if they are to create the rocky cores needed to build the large planets.
These characteristics certainly represent only a subset of the disks that ac-
company star formation. Conceivably, a disk with substantially lower mass
(10−6 M), size (a few AU), and lifetime ( 106 yr) could create terrestrial-
like planets suitable for life without the presence of gas giants. In principle,
even larger, more massive disks could accompany the birth of stars much
more massive than the Sun. Although we must keep an open mind about
the characteristics the constitute a disk, the early Solar disk provides a
framework to identify those disks that may become interesting for planet
formation.
3. How do we know that disks exist?
Soon after the discovery that T Tauri stars { very young stars of approx-
imately solar mass { had more radiation at infrared wavelengths than the
photospheres should emit, Lynden-Bell and Pringle (1974) suggested that
most of their peculiar characteristics might be explained by circumstellar
disks. Their suggestion was based on the unusual spectral energy distribu-
tions: the stars radiated too much ultraviolet light and too much infrared
light at the same time. A disk could account for the ultraviolet light through
emission from the boundary layer between the star and the inner edge of the
disk, in which matter from the disk suddenly accreted onto the star, slow-
ing down from Keplerian speeds to essentially zero speed so rapidly that
the radiation temperatures are tens of thousands of Kelvin. The infrared
light was radiation from the outer parts of the disk resulting from energy
liberated as the matter slowly spiraled to smaller radii eventually to ac-
crete through the boundary layer. One of their strong predictions was that
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the long wavelength infrared radiation would follow a power law, Fν / ν 13 ,
where Fν is the flux density, and ν is the frequency of the radiation. This
result for the release of accretion energy through a disk is quite general.
Even with no accretion, a disk will be heated by radiation from the star
itself. The dust grains in the disk absorb stellar radiation and re-radiate
in the infrared to maintain thermal balance. Remarkably, the spectral en-
ergy distribution also follows a power law with the same exponent as for
accretion over a broad range of wavelengths: Fν / ν 13 between about 5 and
100 µm depending on the luminosity of the star. At wavelengths short ward
of about 3 µm, the flux density stops increasing due to the inner radius of
the disk, and at long wavelengths the power law becomes steeper due to
the outer edge of the disks. The most complete treatment for a flat disk is
given by Adams, Lada, and Shu (1988).
When Lynden-Bell and Pringle made their suggestion, the long wave-
length SEDs of disks could only be measured to about 10 µm. The SEDs
could easily be explained over this limited spectral range by other distri-
butions of dust near the stars. Although prescient, the predictions of the
early disk theory went untested for nearly a decade.
A few years after the SED calculations, Elsa¨sser and Staude (1978)
discovered that several young stars had rather high degrees of linear polar-
ization in their optical light. They explained the polarization as scattered
light from dust grains arranged symmetrically above and below a star that
was obscured by a planar or toroidal distribution of dust oriented perpen-
dicular to the line of sight and parallel to the direction of the polarization.
These observations suggested that the dust distribution around the stars
was axisymmetric and flattened relative to a spherical halo.
The most striking demonstrations of axisymmetry in T Tauri stars are
the well collimated jets seen in images of ionized lines. Mundt and Fried
(1983) discovered the rst of many young stellar jets in their image of
HL Tau. The jets implied a strong axisymmetry near the stars, one com-
ponent of which may be flattened disks perpendicular to the axis of the
jets. In the same year, Cohen (1983) used the Kuiper Airborne observa-
tory to measured the rst far infrared SED of HL Tau, and he inferred the
presence of a thin disk following the reasoning of Lynden-Bell and Pringle
(1974). One year later, two groups observed HL Tau at angular resolutions
several times better than previously possible and discovered elongated in-
frared emission reminiscent of disks (Beckwith et al. 1984; Grasdalen et al.
1984). Following the evidence accumulated for some time on this object,
both groups suggested that the disk might be the progenitor of a plane-
tary system similar to the early solar nebula. Subsequently, Beckwith et
al. (1986) and Sargent and Beckwith (1987) made interferometric maps of
the CO and 13CO emission and showed that the gas, too, was elongated
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as if in a disk; the direction of elongation was perpendicular to the jet and
aligned with the major axis of the near infrared emission. The latter paper
also observed the velocity eld and interpreted it as gas orbiting the star.
At this time, the evidence for a disk surrounding HL Tau appeared to be
quite strong.
These observations implied the distribution of material was disk-like but
did not determine how much material was in a disk. The interferometric
maps showed that HL Tau had continuum emission at 2.7 mm that appeared
to be thermal emission from dust particles. With conservative assumptions
about the radiative properties of the dust, the authors derived a mass for
the HL Tau disk of  0.1 M with a considerable uncertainty. This mass
is well above the minimum mass for the disk around the primitive solar
nebula, 0.01 M, thereby strengthening the case for a protoplanetary disk
surrounding HL Tau.
At about the same time, astronomers analyzing the far infrared radia-
tion from disks from the IRAS survey recognized that many T Tauri stars
had strong far infrared excesses indicative of disks along the lines rst noted
by Cohen (1983). Rucinski (1995), Beall (1987) and Adams, Lada, and Shu
(1987) recognized that the IRAS observations were most easily interpreted
as disk emission, although there was some controversy about the applicabil-
ity of Lynden-Bell and Pringle’s flat, black disk calculations. Adams, Lada,
and Shu (1988) showed that a class of these sources, termed \flat-spectrum
sources" (see the next section), required disks that were quite a bit warmer
in their outer regions than predicted by the flat, black disk model.
Two major advances followed in 1989 and 1990. Working with data from
the IRAS sky survey, Cohen, Emerson, and Beichman (1989) and Strom
et al. (1989) discovered that almost half the T Tauri stars in the Taurus-
Auriga dark clouds had far infrared SEDs characteristic of heated dust, and
the relatively low, visual extinction implied that the dust was in flattened
distributions { most likely disks. This result meant that disks were common
around young stars; HL Tau was not an anamoly. In the following year,
Beckwith et al. (1990) found that a similar fraction of stars had emission
at 1.3 mm, from which they placed an even stronger limit on the flattening,
essentially showing that disks were the only viable explanations for the
data. For the rst time, they derived the distribution of masses for the
disks around stars. Not only were half the T Tauri stars surrounded by
disks, the great majority of the disks had sucient mass to build planetary
systems like our own.
Most specialists in star formation had by then accepted disks as the best
explanation for the accumulated data on T Tauri stars. But the evidence
was largely indirect, and it was often possible to interpret the data sets
with dierent theories for the distribution of dust near these stars. The
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rst pictures of disks taken with the Hubble Space Telescope demonstrated
clearly that the dust distributions followed the theoretical pattern of a disk.
The image of HH 30 by Burrows et al. (1996) shows a jet perpendicular to a
dark disk seen edge-on with a gently flared shape, as expected for thermally
supported disks (Kenyon & Hartmann 1987). Striking examples of disks are
seen in silhouette against the Orion Nebula by O’Dell & Wen (1994) and
McCaughrean & O’Dell (1996). Several more images of disks like HH 30
have appeared recently (Stapelfeldt 1998; Padgett et al. 1999). Figure 1
shows several images of disks taken with the Hubble Space Telescope.
